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Before the myosin motor head can perform the
next power stroke, it undergoes a large confor-
mational transition in which the converter
domain, bearing the lever arm, rotates65. Si-
multaneous with this ‘‘recovery stroke,’’ myosin
activates its ATPase function by closing the
Switch-2 loop over the bound ATP. This cou-
pling between the motions of the converter do-
main and of the 40 A˚-distant Switch-2 loop is
essential to avoid unproductive ATP hydrolysis.
The coupling mechanism is determined here by
finding a series of optimized intermediates be-
tween crystallographic end structures of the
recovery stroke (Dictyostelium discoideum),
yielding movies of the transition at atomic de-
tail. The successive formation of two hydrogen
bonds by the Switch-2 loop is correlated with
the successive see-saw motions of the relay
and SH1 helices that hold the converter domain.
SH1 helix and Switch-2 loop communicate via
a highly conserved loop that wedges against
the SH1-helix upon Switch-2 closing.
INTRODUCTION
Cells undergo a variety of motile processes that are driven
by molecular motors that transduce the chemical energy
of ATP hydrolysis into mechanical force and displace-
ment. One of the most extensively studied molecular
motors is myosin II, which drives muscle contraction (re-
viewed by Geeves and Holmes [1999], Holmes and
Geeves [2000], and Geeves and Holmes [2005]) and other
essential motile processes in eukaryotic cells by cyclically
interacting with actin filaments (Warrick and Spudich,
1987). Myosin II is composed of a heavy chain and two
light chains (Rayment et al., 1993). The N-terminal globular
domain of the heavy chain (the head) contains both the
catalytic site and the actin-binding region (Geeves and
Holmes, 2005; Coureux et al., 2004; Reubold et al.,
2003). It has been shown that this head domain alone isStructure 15,able to hydrolyze ATP and move along an actin filament
(Itakura et al., 1993). Myosin and actin interact to produce
movement as described in the Lymn-Taylor cycle (Fig-
ure 1; Geeves and Holmes, 1999; Lymn and Taylor,
1971). This cycle is made possible by several coupling
mechanisms that link structural changes in different parts
of myosin. For instance, changes associated with ATP
binding to the myosin-rigor conformation (state I) are cou-
pled with structural changes in the actin binding region
that substantially reduce binding affinity for actin (Coureux
et al., 2004; Reubold et al., 2003), thus dissociating myo-
sin from actin (Figure 1, state I/ state II). In the next step,
further changes in the ATP binding site that activate its
ATPase function are coupled to a 65 rotation of the con-
verter domain that carries the lever arm (the ‘‘recovery
stroke,’’ state II! state III) (Geeves and Holmes, 1999;
Holmes and Geeves, 2000; Li and Cui, 2004; Fischer
et al., 2005; Koppole et al., 2006). This primes myosin
for the remaining steps: ATP hydrolysis (state III/ state
III0) increases myosin-actin binding affinity, causing myo-
sin to rebind to actin (state III0 / state IV); this rebinding
triggers the back-rotation of the converter domain that
rows the myosin fibril past the actin filament (the ‘‘power
stroke,’’ state IV / state I) (Geeves and Holmes, 1999;
Lymn and Taylor, 1971). To understand the motor, it is
necessary to understand the structural mechanisms by
which the different domains of myosin are coupled.
Here, the coupling mechanism involved during the recov-
ery stroke is described at the level of atomic detail.
The head of the Dictyostelium discoideum myosin II
motor (henceforth, myosin) has been crystallized in the
absence of actin with different ATP analogs bound to the
ATPase site (Mg$ATP$gS, Mg$AMP$PNP, Gulick et al.,
1997; Mg$ADP$BeFx, Mg$ADP$AlF4
, Fisher et al.,
1995; Mg$ADP$Vi, Smith and Rayment, 1996). The con-
verter domain, which bears the lever arm, is found in two
orientations in which the domain rotates by about 65
with respect to the rest of the head (Figures 2A and 2C,
left panels). These two conformations have been assigned
to state II and state III in the Lymn-Taylor cycle (i.e., the
end states of the recovery stroke) (Geeves and Holmes,
1999; Fisher et al., 1995; Smith and Rayment, 1996). The
change in orientation of the converter domain (see Table
1 for residue numbers) is associated with a change in825–837, July 2007 ª2007 Elsevier Ltd All rights reserved 825
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Recovery-Stroke Mechanism in Myosin IIFigure 1. Lymn-Taylor Cycle
The lever arm, which is attached to the myosin
head via the converter domain (gray circle),
swings back (during the recovery stroke, state
II / III) (Malnasi-Csizmadia et al., 2001) and
forth (during the power stroke, state IV / I)
by 65.the conformation of the relay helix (residues 466–498),
which undergoes a tilt in its helical axis and a ‘‘kink’’ (a
bulge due to a 1/8th-turn unwinding near residue 486) be-
tween the two ends of the recovery stroke (compare the
left panels of Figures 2A and 2C). The relay helix spans
from the converter domain to the ATP binding site: at its
C terminus, the helix is embedded in the converter domain
and at its N-terminal end the helix interacts with the
Switch-2 loop (residues 454–459), which changes during
the recovery stroke from an ‘‘open’’ to a ‘‘closed’’ confor-
mation. Upon closing, the Switch-2 forms two key hydro-
gen bonds with the bound ATP and the P loop (compare
Figures 3A and 3B). One hydrogen bond is between the
Gly457 amide group and the g-phosphate of ATP, while
the other is between the Phe458 carbonyl group and the
amide group of Ser-181 on the P loop (the ‘‘phosphate’’-
binding loop, conserved in many nucleotide binding
proteins). The P loop, together with the Switch-1 and
Switch-2 loops, form the so-called ‘‘phosphate tube’’
(Table 2).
The ATPase function in myosin is activated when the
Switch-2 loop closes and its Gly457/Ser456 peptide
group makes a hydrogen bond with the g-phosphate
(Geeves and Holmes, 1999; Sasaki and Sutoh, 1998;
Schwarzl et al., 2006). It would be wasteful if the Switch-
2 loop could freely close and reopen with the lever arm still
in the prerecovery orientation, thereby allowing ATP
hydrolysis and an unproductive release of the hydrolysis
products. A mechanism couples the closing of Switch-2
to the rotation of the converter domain, thus ensuring
that ATP is hydrolyzed only when the converter domain/
lever arm is in the postrecovery orientation (i.e., ready to
perform the power stroke) (Malnasi-Csizmadia et al.,826 Structure 15, 825–837, July 2007 ª2007 Elsevier Ltd All ri2000; Urbanke and Wray, 2001). A structural model was
recently proposed for this coupling mechanism, providing
useful first insights into how small rearrangements at the
ATP binding site can be gradually amplified into a large-
scale rotation of the converter domain (Fischer et al.,
2005). The model shows that the movement of Gly457 to-
ward the g-phosphate is transmitted as a pull on the relay
helix via a hydrogen bond between the Gly457/Ser456
peptide group and the side chain of Asn-475, which is lo-
cated near the N-terminal end of the relay helix (Figures
2A / 2B, right panels). This pull results in a see-saw
pivoting of the relay helix (Figure 2A, left panel), causing
an initial rotation of the converter domain by about 25
(Figures 2A/ 2B). However, some important questions
concerning the latter part of the mechanism still remain:
(1) how is the further rotation by 40 of the converter do-
main coupled to the closing of the Switch-2 loop? (2)
What is the role of the relay helix ‘‘kinking’’ (Figure 2C)?
(3) How do the relay and the SH1 helices control the rota-
tion of the converter domain? Here, we address these
questions and derive a comprehensive model of the
mechanism of the recovery stroke, based on the compu-
tation of minimum energy pathways (MEPs) between the
crystallographically determined structures of states II
and III. This computational approach, known as molecular
kinematics, has already led to the understanding of sev-
eral other complex conformational transitions in proteins
(Dutzler et al., 2002; Bondar et al., 2004; Sopkova-De
Oliveira Santos et al., 2000; Noe´ et al., 2004).
The MEPs were obtained by conjugate peak refinement
(CPR) (Fischer and Karplus, 1992), an algorithm that gen-
erates a continuous series of energy-optimized intermedi-
ates connecting two given crystallographic end-stateghts reserved
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Recovery-Stroke Mechanism in Myosin IIFigure 2. The Two Phases of the Coupling Mechanism
(A) Prerecovery state (arrows show the motions of phase I). (B) Structure half-way along the transition pathway (arrows show the motions of phase II).
(C) Postrecovery state. Straight arrows show (A) the partial closing of Switch-2 and the see-saw of the relay helix, and (B) the translation of the wedge
loop and the see-saw/pistonmotion of the SH1 helix. The tilt of the relay helix relative to its initial orientation is indicated by the dotted line (B, left). The
detailed view (middle panels) shows the two hydrogen bonds (dotted lines) formed during the two-step closing of the Switch-2 loop (A/ B/C) and
the wedging of the Tyr573 loop (in red) against the SH1 helix (B/C). Molecular movies of the transition pathway showing motions in this figure are at
http://www.iwr.uni-heidelberg.de/groups/biocomp/fischer.conformations of a protein without applying external driv-
ing constraints. Analysis of these pathways shows that the
first phase of the Switch-2 closing is followed by a second
phase (Figure 2B / 2C) in which Phe458 on Switch-2
moves toward the P loop to form the hydrogen bond
with Ser181 (Figure 3B). The phenyl ring of Phe458
remains in a tight hydrophobic packing with residues
572–574 of an adjacent loop, which thus accompanies
the movement of Switch-2. Thereby, the 572–574 loopStructure 15wedges against the N-terminal end of the SH1 helix, which
responds by pivoting in a see-saw-like fashion (Figure 2B).
The 572–574 loop (dubbed here the ‘‘wedge loop’’ and
shown in Figure 2) is highly conserved in the myosin family
(Koppole et al., 2006; Cope et al., 1996; Hodge and Cope,
2000; Sellers, 2000). The converter domain, which is cova-
lently attached to the C-terminal end of the SH1 helix, re-
sponds to the see-saw of the SH1 helix by a 40 rotation.
Because the C-terminal third of the relay helix is tightly, 825–837, July 2007 ª2007 Elsevier Ltd All rights reserved 827
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Recovery-Stroke Mechanism in Myosin IITable 1. Residues Involved in the Recovery-Stroke Mechanisma
Chicken
Element Dictyostelium discoideumb Smooth Skeletal Myosin V
Converter domain 692–748 721–777 711–767 697–754
Lever-arm helix 749–760 778–789 767–778 753–764
SH1 helix 681–690 710–719 700–709 687–696
SH2 helix 671–680 700–709 690–699 677–686
Gly680 Gly-709 Gly-699 Gly-686
Relay helix 466–498 477–508 475–506 449–480
Asn475 Asn-486 Asn-484 Asn-458
Phe487 Phe-498 Phe-496 Phe-470
Relay loop 499–509 509–519 507–517 481–491
Wedge loop 572–574 576–578 584–586 552–554
Tyr573 Tyr-577 Tyr-585 Phe-553
Switch-2 loop 454–459 465–470 463–468 437–442
Gly457 Gly-468 Gly-466 Gly-440
Phe458 Phe-469 Phe-467 Phe-441
P loop 179–186 177–184 179–186 163–170
Ser181 Ser-179 Ser-181 Ser-165
aHodge and Cope (2000).
b Residue numbers of Dictyostelium discoideum myosin II.embedded in the converter domain, this rotation causes
a 1/8th-turn unwinding of the relay helix, resulting in the
observed helix kink (Figure 2C, left panel). In summary,
because the converter domain is suspended on the relay
and SH1 helices, the successive and opposite see-saw
pivoting of these two helices controls the rotation of the
converter domain in two stages. The present results give
a comprehensive picture of the mechanics of the recovery
stroke and provide a detailed model for the coupling with
ATPase activation, which is consistent with the existing
mutational data and explains the role of the highly
conserved ‘‘wedging’’ loop. Molecular movies showing
the transition in detail are available at http://www.iwr.
uni-heidelberg.de/groups/biocomp/fischer.
RESULTS
Double See-Saw Control of the Converter Domain
The motions described in this and the following sections
are common to all three computed MEPs (see Experimen-
tal Procedures), which display the same order of events
and the same key interactions. This section describes
the global motions of the converter domain and of the
two helices on which the converter domain is suspended;
namely, the relay helix and theSH1 helix (Figure 3C). These
three structural elements are those undergoing the most
significant conformational changes during the recovery
stroke. The change in the orientation angle of the converter
domain along the transitionpathway isplotted inFigure 4A.
In the samefigure, theN-terminal endof the lever-armhelix828 Structure 15, 825–837, July 2007 ª2007 Elsevier Ltd All rig(yellow in Figure 2) is seen to corotate with the converter
domain, up to an angle of 65 (this motion is depicted
as a three-dimensional arrow in Figure 3A).
The orientation of the longitudinal axis of the relay helix
changes rapidly by 9 during the first 20% of the transi-
tion (Figure 4B), and then fluctuates to end the transition
with a tilt of 7 relative to its starting orientation. This re-
orientation of the relay helix corresponds to a see-saw
pivoting (by 7; see Figure 3A). The amount of converter
domain rotation that accompanies this see-saw is 25
(at l = 20% in Figure 4A), around an axis represented by
the blue arrow in Figure 3A. This rotation axis is parallel
to the axis of the SH1 helix (to which the converter domain
is covalently attached).
In contrast to the relay helix, the SH1 helix undergoes
most of its reorientation in the second half of the pathway,
where the tilt of its longitudinal axis increases from 3 (at
l = 20% in Figure 4B) to 19 (at l = 100%). Thismotion con-
sists essentially of a see-saw pivoting (by 19; Figure 3A),
combined with some piston-like motion (3.5 A˚ longitudinal
translation; see Figure S1 in the Supplemental Data avail-
able with this article online). This see-saw motion is ac-
companied by another 35–40 rotation of the converter
domain (Figure 4A, angle q [l = 100%]  q[l = 20%] =
60  25 = 35), around an axis shown by the green arrow
in Figure 3A. Because the pivoting of the relay helix is
counterclockwise (7, as viewed in Figure 3A), and the
pivoting of the SH1 helix is clockwise (+19), the 25 and
40 rotations of the converter domain are additive. The
rotational axis for the resultant overall (65) converterhts reserved
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Recovery-Stroke Mechanism in Myosin IIrotation lies between the first and second axes (red arrow
in Figure 3A). Thus, the rotation of the converter domain
is controlled by the see-saw pivoting of the relay and
SH1 helices, the successive motions of which provoke
two distinct rotational phases. This can also be seen in
Movie S1 (see http://www.iwr.uni-heidelberg.de/groups/
biocomp/fischer).
Stepwise Closing of Switch-2 Loop
This section describes the localized motions around the
ATPase site, in particular, those of the Switch-2 loop,
the atoms of which undergo an average displacement
of 2.5 A˚ during the recovery stroke (Figure 4D). This
change occurs in two phases: first an abrupt displace-
ment of 1.5 A˚ early in the pathway (at l = 4%), followed
by a progressive displacement of an additional 1 A˚ during
the transition from l = 40% to l = 100%. These two
changes correspond to the successive formation of two
hydrogen bonds by Switch-2 that help position the cata-
lytic groups involved in subsequent ATP hydrolysis,
thereby activating the ATPase function (Figure 3B)
(Schwarzl et al., 2006). The first hydrogen bond is between
the amide nitrogen of Gly457 and an oxygen of the
g-phosphate. The distance between these two atoms di-
minishes from over 5 A˚ to under 3 A˚ early in the pathway
(at l = 4% in Figure 4C). The second hydrogen bond is
between the carbonyl oxygen of Phe458 and the amide
nitrogen of Ser181 on the P loop. The distance between
these two atoms diminishes gradually from over 6 A˚ to
under 3 A˚ between l = 40% and 100% of the transition
pathway (Figure 4C). Thus, the observed stepwise
displacement of the Switch-2 loop (Figure 4D) is due to
the successive displacement of two segments of the
Switch-2 loop, first of residues 454–457, followed by res-
idues 458–459. This can be seen in Movie S2 (see http://
www.iwr.uni-heidelberg.de/groups/biocomp/fischer). The
motions of these two segments are coupled to the suc-
cessive rotation phases of the converter domain by two
distinct mechanisms, which are described in the two
following sections.
Coupling Phase I: via the Relay Helix
This section describes how the closing of the 454–457
segment of the Switch-2 loop (upon formation of the hy-
drogen bond between Gly457 and the g-phosphate) is
coupled to the initial 25 rotation of the converter domain
in phase I of the recovery stroke. The 454–457 segment is
connected to the N-terminal half of the relay helix via a hy-
drogen bond between the Gly457/Ser456 peptide group
and the side chain of Asn475 of the relay helix (right panels
of Figure 2, and Figure 5). This hydrogen bond, which is
present in both crystallographic end states (Fisher et al.,
1995; Smith and Rayment, 1996), is seen to bemaintained
throughout the transition pathways as well as during
molecular dynamics (MD) simulations when ATP is bound
to the active site (Koppole et al., 2006). Thus, when the
Gly457/Ser456 peptide group (red rectangle on Switch-2
loop in Figure 5A) moves toward the g-phosphate, it pulls
on the N-terminal half of the relay helix at position 475. TheStructure 15,relay helix is anchored half-way along the helix (at residues
Phe481 and Phe482, not shown) to the third strand of the
central b sheet (at residue Phe652; see Figure 2) (Fischer
et al., 2005). Therefore, the response to the pull on
Asn475 is a see-saw pivoting of the relay helix (Figure
5A ! 5B), in which its extremities move by 4 A˚. This
motion at the C-terminal end, where the relay helix is
embedded into the converter domain (colored in brown
in Figure 2, left panels, and Figure 3C), pulls the converter
domain, which rotates by 25. Thus, converter rotation
and Switch-2 closing are coupled in the first phase by the
see-saw pivoting of the relay helix. These motions can
be seen in Movie S3 (see http://www.iwr.uni-heidelberg.
de/groups/biocomp/fischer). During phase I, there is rela-
tively little movement of the SH1 or SH2 helices, which
are instrumental in the coupling mechanism of phase II
described in the next section.
Coupling Phase II: via the SH1 Helix
This section describes how the closing of the 458–459
segment of the Switch-2 loop is coupled to the final 40
rotation of the converter domain. This movement of the
Switch-2 loop allows the formation of the hydrogen
bond between Phe458 and Ser181, which occurs in the
second phase of the pathways (as described above).
The side chain of Phe458 is buried in a hydrophobic cradle
composed of the side chains of His572, Tyr573, and
Ala574 of the wedge loop. Shown in Figure 3B for the
postrecovery conformation, this tight packing between
Switch-2 and wedge loops is essentially maintained
throughout the pathway. Thus, the 4 A˚ motion of Phe458
toward Ser181 (Figure 4C) is accompanied by a displace-
ment of equal magnitude by the wedge loop (rmsd = 4 A˚ in
Figure 4D). Most of this displacement occurs in the sec-
ond phase of the transition (l = 40%/ 80%) duringwhich
the motion of the Switch-2 and wedge loops is synchro-
nous (clearly visible in Figure 4D). Upon moving toward
the ATP/P loop, the wedge loop collides and wedges
against the corner loop between the SH1 and SH2 helices
(near Gly680; see Figure 2B, right panel). To allow the mo-
tion of the wedge loop toward the P loop, the SH1 helix
moves out of the way, as described above, by a longitudi-
nal (piston-like) 3.5 A˚ translation (Figure S1) combined
with a 19 see-saw pivoting (Figure 5B! 5C). The con-
verter domain responds to the SH1 see-saw by rotating
40, as discussed above. Thus, the second phase of con-
verter rotation is coupled to the final closing of the Switch-
2 loop via the SH1 helix and the wedge loop. Themotion of
these elements can be seen in Movies S4 and S5
(see http://www.iwr.uni-heidelberg.de/groups/biocomp/
fischer).
Partial Unwinding of the Relay Helix
A noticeable difference between the end states is the ap-
pearance in the postrecovery structure of a bulge in the
relay helix at position 486 and a kinking of the helix at
this position (see the junction of the cyan and brown col-
oring in Figure 2C, left panel), whereas, in the prerecov-
ery conformation, the relay helix is essentially straight825–837, July 2007 ª2007 Elsevier Ltd All rights reserved 829
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Recovery-Stroke Mechanism in Myosin IIFigure 3. Structural Elements Involved in the Recovery Stroke
Same coloring as in Figure 2. (A) Open and (B) closed conformations of the Switch-2 loop (green) in the end-states of the recovery stroke (same struc-
ture as in Figures 2A and 2C, respectively). The two hydrogen bonds, formed either directly (by Gly457) or indirectly (by Phe458, via Ser181 of the P
loop), between Switch-2 and the g-phosphate of ATP, are shown as dotted lines. (C) Double see-saw control of the converter domain rotation (pre-
recovery state in color, postrecovery state in gray): the axes of the relay helix and of the SH1 helix pivot successively by 7 and 19, causing, respec-
tively, 25 (rotational axis shown as a blue arrow) and 40 (axis shown as green arrow) rotations of the converter domain. The axis for the resultant
overall 65 rotation is shown as red arrow (rotation axes were determined with the programDynDom [Hayward and Berendsen, 1998]). (D) Hydropho-
bic cradle around Phe458 side chain formed by the side chains of the wedge loop (residues 572–574). (E) The connection between converter domain
(green) andmyosin head (gray) consists of the SH1 helix (purple) and the relay helix (cyan and brown; the junction between the two colors indicates the830 Structure 15, 825–837, July 2007 ª2007 Elsevier Ltd All rights reserved
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Recovery-Stroke Mechanism in Myosin II(Figure 2A, left panel). The bulge is due to a 1/8th-turn un-
winding of the relay helix, resulting in a local shift of the he-
lix hydrogen bond pattern from normal n + 4 (486 $$$ 490)
to n + 5 (485 $$$ 490), where (X...Y) represents a hydrogen
bond between residues X and Y. This local unwinding is
seen to occur in the second phase of the transition path-
way (at l = 50%). It allows the C-terminal third of the relay
helix (in brown in all figures) to rotate around its helical axis
by about 40 (data not shown). This rotation is required to
allow the 40 rotation of the converter domain in phase II,
because the C-terminal third of the relay helix is embed-
ded in the converter domain (Figure 3C) andmakes strong
interactions (such as salt bridges and H-bonds, shown in
Figure 3D) with it. When the converter domain rotates in
phase II in response to the see-saw of the SH1 helix, the
amplitude of rotation (i.e., 40) is so large that it cannot
be accommodated by a simple axial torsion of the relay
helix. Rather, the helix undergoes the local unwinding at
residue 486, which is the point at which the relay helix is
weakest because it is not embedded in either the con-
verter domain or the main body (junction between brown
and cyan coloring in Figure 3C).
To accommodate the axial rotation of the C-terminal
third of the relay helix, the phenyl ring of Phe487 on the re-
lay helix (shown in Figure 3D) gradually threads between
the relay helix and the relay loop during phase II and packs
against the SH1 helix (see article by Fischer et al., 2005, for
details). This threading is not possible in the prerecovery
conformation, in which the relay helix and the relay loop
are in contact with each other, thereby blocking the pas-
sage of Phe487. The see-saw pivoting of the relay helix
in phase I opens the space between the relay loop and
helix, allowing for the subsequent passage of the
Phe487 ring in phase II. Thus, Phe487 (a strictly conserved
residue) enforces the sequentiality of themotions in phase
I and phase II.
DISCUSSION
Regulation of ATP hydrolysis by protein conformations
plays an important role for energy transduction in biologi-
cal systems (Weber and Senior, 2000; Spudich, 2001;
Karamanou et al., 1999). In myosin II, the coupling be-
tween the converter domain orientation and the closing
of Switch-2 ensures that ATP is not hydrolyzed without
a productive contraction cycle. This coupling is controlled
by small structural changes near the ATP binding site,
which are amplified into a large domain rotation, and
vice versa. The present pathway analysis indicates that
the structural coupling between ATPase activation and
the recovery stroke occurs in two phases (Figure 5). The
first phase is initiated by the formation of the hydrogen
bond between Gly457 and the g-phosphate of ATP. This
is accompanied by a see-saw motion of the relay helix
and a partial rotation of the converter domain by 25.
The second phase is characterized by the wedging ofStructure 15,the 572–574 loop between the N-terminal end of the
SH1 helix and the Switch-2 loop. This motion of the wedge
loop, which follows themovement of the Switch-2 loop to-
ward the P loop, is accommodated by a piston/see-saw
motion of the SH1 helix that accompanies the remaining
40 rotation of the converter domain. This description of
the coupling describes the flow of structural communica-
tion in the direction: ATPase site/ converter domain; but
the same coupling mechanism could just as well be de-
scribed in the direction: converter/ ATPase site, as fol-
lows: A stochastic (Brownian) rotation of the converter do-
main first causes the described see-saw pivoting of the
relay helix, whose upswing at the N-terminal end allows
formation of the Gly457/ATP hydrogen bond. Further ther-
mally diffusive rotation of the converter domain then
causes the piston-like translation of the SH1 helix, open-
ing a space between the SH1/SH2 corner and the
Switch-2 loop that allows the wedge loop to accompany
the final closing of Switch-2 (i.e., the formation of the
Phe458/P loop hydrogen bond). These two descriptions
of the coupling mechanism are equivalent and involve
the same order of correlated events. In each description,
the result is that, whenever the lever arm is in postrecovery
stroke orientation, the ATPase function is switched on,
and when it is in the prerecovery stroke position, the
ATPase function is switched off.
The proposed coupling mechanism is consistent with
the following experimental and computational evidence.
(1) The mutation of the conserved Ser456 to a Leucine
reduces the step size of myosin walking along the actin
filament (Murphy et al., 2001). The present mechanism
suggests that the larger Leucine side chain in this mutant
would hinder the movement of the Gly457/Ser456 peptide
group toward g-phosphate in the S456L mutation during
phase I (Figures 2A! 2B), leading to a reduced pull on
Asn475 and thus to a reduced upswing of the relay helix.
This hindrance would cause a smaller rotation of the con-
verter domain and hence a smaller step size. (2) Two stud-
ies involving the mutation of the highly conserved Gly680
to valine or alanine have shown lower basal ATPase activ-
ity and significantly lower in vitro mobilities (Patterson
et al., 1997; Batra et al., 1999). The wedge loop is 3 A˚
away from the Ca atom of Gly680 (see Figure 2, right
panels). The present model suggests that the presence
of a side chain at position 680 would make it more difficult
Table 2. Consensus Sequences
Loop Consensusa
Dictyostelium
discoideum Residuesb
P loop GESGAGKT GESGAGKT 179–186
Switch-1 NxNSSR NNNSSR 233–238
Switch-2 DxSGFE DISGFE 454–459
aConserved in at least 80 out of 82 myosins.
bCope et al. (1996).location of helix unwinding). (F) Salt bridges between the converter domain and the C-terminal-third of the relay helix. Phe487 (prerecovery orientation
in brown, postrecovery orientation in gray) threads (arrow) between the relay helix and the relay loop.825–837, July 2007 ª2007 Elsevier Ltd All rights reserved 831
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Recovery-Stroke Mechanism in Myosin IIFigure 4. Internal Rearrangements along the Pathway
(A) Rotational angle of the converter domain (thin line) and of the lever arm (thick line).
(B) Change in the orientation angle (relative to prerecovery) of the relay helix (thin line, part of the helix including residues 471–485) and of the SH1-helix
(thick line).
(C) Hydrogen bond distances: Gly457:Namide–ATP:OgP (thick); Phe458:Ocarbonyl–Ser181:Namide (thin).
(D) RMS-displacement (relative to the prerecovery structure) for atoms of the Switch-2 (thick) and of the wedge loop (thin); l measures the overall
progress of the reaction (i.e., summed RMS-difference in all atomic coordinates between successive structures along the pathway, normalized by
the total length of the path). The vertical dotted lines separate phase I and phase II of the transition.for the wedge loop to intercalate between the SH1 helix
and the Switch-2 loop. This would explain the G680V or
G680A mutants, in which incomplete wedging would
reduce the piston/see-saw response of the SH1 helix,
thereby limiting the amplitude of converter rotation in
phase II, while preventing full closing of Switch-2 over
the ATPase site, thus yielding inefficient ATP hydrolysis.
(3) The wedge loop is a well-conserved structure in the
myosin family (Table 1; Koppole et al., 2006; Cope et al.,
1996; Hodge and Cope, 2000; Sellers, 2000). This is con-
sistent with the important role of the wedge loop in phase
II. It is the first time an explanation can be proposed for the
conservation of this loop. (4) A very interesting point mu-
tant is Phe458Ala, which has been shown to have no mo-
tility (but a 3-fold increased basal ATPase activity) (Sasaki
et al., 1998). This can be explained in the present model by
the weakening of the interaction between Switch-2 and
the hydrophobic cradle of the wedge loop (Figure 3B).
This decouples the Switch-2 from the wedge loop
movements, thus decoupling ATP hydrolysis from the
40 rotation of the converter in phase II, resulting in832 Structure 15, 825–837, July 2007 ª2007 Elsevier Ltd All riga much-reduced mobility rate. (5) Mutation of the con-
served Phe487 to alanine has been shown to uncouple
ATP hydrolysis from the lever arm motion (Tsiavaliaris
et al., 2002). In the present model, Phe487 can only thread
between the relay helix and the relay loop (Figure 3D) after
the see-saw pivoting of the relay helix, thereby ordering
the motions in two successive phases. Interfering with
this sequence of events is likely to disrupt the coupling
mechanism. (6) The relay loop is seen to be disordered
in most crystal structures. In the model, this flexibility is
necessary to allow the passage of Phe487 between the re-
lay loop and the relay helix during phase II. In view of this
flexibility, the length of the relay loop varies surprisingly lit-
tle among the members of the myosin family: in 137 out of
143 myosin sequences, the relay loop is exactly 11 resi-
dues long (Cope et al., 1996; Hodge and Cope, 2000).
This means that the precise amount of flexibility in the re-
lay loop is important for the function ofmyosin. This is con-
sistent with the role of the relay loop in the present model,
since excessive flexibility of a longer relay loop would
allow the passage of Phe487 already in the prerecoveryhts reserved
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Recovery-Stroke Mechanism in Myosin IIFigure 5. Mechanism of Coupling
Schematic view of the three structures of Fig-
ure 2 (same coloring). (A) Prerecovery state.
(B) Transition intermediate. (C) Postrecovery
state. The formation of the two hydrogen
bonds by the Switch-2 loop is shown as
straight arrows. See Figure 2 legend for a de-
scription of the other motion arrows.state, thus precluding its proposed role in enforcing the
sequentiality of phases I and II. (7) The principal motions
of the structural elements implicated in the present cou-
pling model have been determined as they occur sponta-
neously in the crystallographic end states of the recovery
stroke (Mesentean et al., 2007). Principal component anal-
ysis during equilibrium MD simulations revealed that the
principal motion of the relay helix during MD of the prere-Structure 15,covery state is indeed the see-saw pivoting predicted in
phase I, while this motion is absent in the postrecovery
state. Conversely, the principal motion of the SH1 helix
found during MD of the postrecovery state is the piston/
see-saw motion described here for phase II of the cou-
pling mechanism, while this motion is not significant in
the prerecovery state. The fact that the see-saw motion
of the relay helix dominates the prerecovery dynamics,825–837, July 2007 ª2007 Elsevier Ltd All rights reserved 833
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piston/see-saw motion of the SH1 helix, is consistent with
the order proposed here for the two-phase model of the
recovery stroke mechanism.
The present coupling model can be further tested, since
it allows predictions to be made about the phenotype of
several mutations, for example, (1) in phase I, the coupling
between the see-saw pivoting of the relay helix and the
closing of Switch-2 involves the hydrogen bond between
the Asn475 side chain and the Gly457/Ser456 peptide
group (Figure 2A). If Asn475 were mutated to a small non-
polar residue, like alanine or valine, this hydrogen bond
between the relay helix and the Switch-2 loop would be
absent. Thus, Switch-2 could close without the see-saw
pivoting of the relay helix, which might uncouple ATP
hydrolysis from the 25 rotation of the converter domain
in phase I, resulting in reduced mobility. Because the
Gly457 amide group is hydrogen bonded to the g-phos-
phate in the postrecovery state, the same mutation might
be expected to reduce the ATPase activity due to poorer
positioning and lesser polarization of the Gly457/Ser456
peptide group in absence of the hydrogen bond with the
Asn475 side chain. By comparing the effects of the
Asn475 and Phe458 mutants, it might be possible to se-
perate the effects pertaining to the two phases of the re-
covery stroke. (2) Increasing the length of the relay loop
(from its conserved length of 11 residues) could increase
its flexibility, which would allow the aromatic ring of
Phe487 to thread between the relay helix and relay loop
before the completion of phase I. This could result in a sim-
ilar phenotype as the Phe487Ala mutation described by
Tsiavaliaris et al., (2002). (3) Finally, mutation of Phe652
to glycine (or a double mutant Phe481Gly and Phe482Gly)
would weaken the anchoring point of the relay helix onto
the central b sheet, thereby destroying the fulcrum for
the see-saw pivoting of the relay helix. This could decou-
ple the ATPase from the lever arm and/or reduce step size.
In light of the present recovery stroke mechanism, one
could speculate on the power stroke mechanism. Some
elements of the couplingmechanismdescribed heremight
be active during the power stroke, although this does not
imply microreversibility, because the power stroke occurs
in a different, actin-bound conformation. In that conforma-
tion, based on cryoelectron microscope structures of the
rigor acto/myosin complex (Holmes et al., 2004) and on
crystal structures of myosin V in the rigor conformation
(state I; Figure 1) (Coureux et al., 2004), the cleft between
the upper and lower 50 kDa domains is closed, the central
b sheet is more twisted, the Switch-1 loop is open, and the
P loop is curled. Because the orientation of the converter
domain is controlled by the see-saw pivoting of the relay
and SH1 helices (Figure 3A), it is likely that back-rotation
of the converter domain during the power stroke is
achieved by the reversal of the see-saw motions of these
two helices. This raises the question of what could trig-
ger/force such a reversal during actin binding? It has
been shown that, upon hydrolysis of ATP (state III0), the hy-
drogen bond between the magnesium and Ser236 on
Switch-1 is broken, setting the Switch-1 loop free to834 Structure 15, 825–837, July 2007 ª2007 Elsevier Ltd All ropen (Schwarzl et al., 2006). This prepares the way for
actin binding, since the opening of Switch-1 is coupled
to the closing of the 50 kDa acting binding cleft (S. Kuehner
and S.F., unpublished data) and allows the release of the
g-phosphate. Curling of the P loop breaks the hydrogen
bond between Ser181 (on the P loop) and Phe458 (on
Switch-2), thereby setting the Switch-2 loop free to open.
Opening of the Switch-2 pushes back the wedge loop,
thereby preparing for the reversal of the piston/see-saw
motion of the SH1 helix. Finally, the relay and the SH1 he-
lices make contacts with the central b sheet, the twisting
of which may force the reversal of the see-saw pivoting
of these two helices, thus forcing the converter domain
to rotate and perform the power stroke.
EXPERIMENTAL PROCEDURES
Protein Modeling
The crystal structure 1MMD (Fisher et al., 1995) complexed with
Mg$ADP$BeF3 (a nonhydrolyzing ATP analog) was used for the prere-
covery conformation (the ‘‘reactant end state’’). The postrecovery
structure (the ‘‘product end state’’) with bound Mg$ADP$BeF3 was ob-
tained from F. Jon Kull (Dartmouth College, Hanover, NH), and is very
similar to PDB entry 1VOM (Smith and Rayment, 1996), but provides
coordinates for the relay loop which are missing in 1VOM. In both
structures, the ATP was modeled by replacing the BeF3 with a phos-
phate group. A missing segment in 1MMD (residues 501–507) was
modeled based on the 2MYS structure (Rayment et al., 1993), as pre-
viously described (Fischer et al., 2005). 1MMD also lacks coordinates
for the nonessential residues 16–35, which were thus left out of all cal-
culations for consistency; 31 buried crystal water molecules resolved
in most myosin structures were kept.
Energy Function
The program CHARMM (Brooks et al., 1983) and its force field were
used with extended carbons (parameter set 19) for nonaromatic resi-
dues and with all-hydrogen parameter set 22 for aromatic residues
and the ATP (Neria et al., 1996). All nonbonded interactions were trun-
cated with a switch function between 16 and 20 A˚ (Norberg and Nils-
son, 2000). Free energy contributions from solvent effects were ac-
counted for with a continuum solvent model with a generalized Born
(GB) model variant called analytical continuum electrostatics (ACE)
version 2 (Schaefer and Karplus, 1996; Schaefer et al., 1998). In GB
models, each charge is associated with a Born radius, which reflects
the solvent accessibility of that charge. The smaller the Born radius,
the higher the electrostatic self-solvation energy of the charge and the
stronger the screening of its interactions with other charges. The
Born radius of each charge is recomputed each time when its solvent
accessibility changes due to a change in protein conformation (see
Schaefer and Karplus [1996], Still et al. [1990], and Bashford and
Case [2000] for details about GB models). For numerical reasons,
the Born radii in ACE are not allowed to exceed a maximum value,
MXBSOLV, which is related to the size of the protein. The default value
of MXBSOLV (14 A˚) had been optimized for small- to medium-sized
proteins. The Born radii are not abruptly limited to the specified
MXBSOLV value, but are smoothly switched to the MXBSOLV value
(Schaefer et al., 1998). Two parameters, TBSO (for heavy atoms; de-
fault = 8.4 A˚) and TBSH (for hydrogen atoms; default = 3.85 A˚), give
the Born radii where this switching starts. Myosin is a large protein,
so MXBSOLV, TBSO, and TBSH were adjusted here by fitting the
ACE interaction energies between charge pairs to the corresponding
energies obtained with the Poisson-Boltzmann equation (solved with
the PBEQ module in CHARMM) (Im et al., 1998). This yielded
MXBSOLV = 20 A˚, TBSO = 12 A˚, and TBSH = 6.85 A˚, which were
used in all calculations.ights reserved
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The reactant and product stateswere thoroughly energyminimized. Di-
rectminimizationoften traps theprotein in ahigh-energy localminimum.
Here, simulated annealing (Kirkpatrick et al., 1983; Kuriyan et al., 1989)
wasperformedbyMD toobtaina conformation that is similar to theend-
state crystal structure (in terms of rmsd), yet closer to the bottom of the
energy basin associated with that particular end state. The energymin-
imized reactant and product structureswere heated to 300Kover 50 ps
in steps of 0.6 K per 0.1 ps in the presence of harmonic positional con-
straints (force constant of 1.0 kcal/mol $ A˚2) on all atoms. During equil-
ibration, the positional constraints were reduced to 0.5 kcal/mol $ A˚2 on
the backbone atoms, and no constraints were applied to the side chain
atoms. The structures were equilibrated for 750 ps with a Nose´-Hoover
(Nose´, 1984;Hoover, 1985) temperature bath at a temperature of 300K,
followed by 500 ps without temperature bath. The temperature of the
system was then slowly reduced to 0 K over 1.5 ns in steps of
0.2 K/ps in the presence of positional constraints of 0.1 kcal/mol $ A˚2.
Nonrelevant structural differences between the annealed end states
can lead to unnecessary transitions during the pathway calculations
(Noe´ et al., 2004). These differences can arise fromdifferent atom num-
bering of equivalent atoms, ambiguity of atom naming in the crystallo-
graphic coordinate files, or from rotameric transitions during the MD
simulations. For instance, a NH3+ group can have its hydrogens
labeled clockwise as H1, H2, and H3 in the reactant state and as H1,
H3, and H2 in the product state. This would lead to the unrealistic
exchange of H2 and H3 during the path, which is associated with
a very high energy barrier. As another example, a symmetric Phe
ring may happen to have its ring atoms named in such a way in the
two end states that it would needlessly turn by nearly 180 around
c2. All such unnecessary transitions were avoided by removing all clas-
ses of differences. Rotameric differences in highly solvated surface
groups may also lead to irrelevant rearrangements that unnecessarily
complicate the path. Therefore, all side chains with one or more torsion
angles that differ between the end states by more than 90 were iden-
tified. Each such side chain was rotated in the reactant so as to match
the corresponding torsion angles in the product, and vice versa. One of
these two changes was accepted if it did not lead to an increase in the
energy. The rmsd between the crystallographic end states and the
annealed/checked end states were 2.3 and 2.0 A˚, respectively, for
the reactant and the product.
Molecular Kinematics
The MEPs were computed by CPR (Fischer and Karplus, 1992), a heu-
ristic method for refining an initial guess path into an MEP (Fischer and
Karplus, 1992). The CPR algorithm is implemented in the TReKmodule
of CHARMM (Brooks et al., 1983). The main advantage of CPR is that it
does not use a predefined reaction coordinate to drive the transition,
which would bias the relative order of events. Instead, CPR identifies
those points along the path where the energy is highest (the peaks)
and iteratively moves these points closer to the MEP by a controlled
conjugate-gradient minimization. CPR automatically handles paths
with many saddle points (the present paths have typically 100 saddle
points; see, for example, Figure S2). The algorithm does not evaluate
second derivatives, but uses only the energy (which must be continu-
ous) and its gradient. The initial guess paths were generated by linear
interpolation between the two end states as follows: first, the back-
bone atoms were interpolated in Cartesian coordinates so as to pre-
serve the backbone fold, then the side chain atoms were built onto
the interpolated backbones with interpolated values of the internal
coordinates (see details in work by Noe´ et al., 2004). During the CPR
calculations, all 7986 atoms were free to move independently.
Three MEPs between the prerecovery conformation (Figure 2A) and
the postrecovery conformation (Figure 2C) were generated. The first
pathway was calculated while modeling the solvent implicitly with
a simple distance-dependent dielectric (3 = r) to approximate solvent
screening. The CPR protocol used for generating that MEP has been
described previously (Fischer et al., 2005). The other two pathways
were generated by the ACE solvent model (Schaefer and Karplus,Structure 15,1996) described above. In one ACE pathway, the CPR refinement
was stopped after 500 intermediate structures had been generated
by CPR. Nine of the intermediates were taken equidistantly along the
path. These intermediates were first thoroughly energy minimized,
then the 10 subpathways that connect the end states through these
intermediates were computed by CPR until the only remaining local
maxima along the path were saddle points. The resulting path is com-
posed of 3049 structures, and its energy profile is shown in Figure S2.
In the other ACE pathway, the CPR was stopped after 1500 intermedi-
ate structures had been generated by CPR. The key interactions de-
scribed in the Results section occur in the same order in all three paths.
Energetics along the MEP
It would be desirable to have a quantitative description of the energet-
ics along the pathway. Unfortunately, this is very difficult to obtain for
a conformational transition as complex as the recovery stroke, which
combines large domain motions with significant local changes in sev-
eral different regions of the protein, thus making necessary the unre-
stricted motion of all of the many (24,000) degrees of freedom (DOF).
In such a case, the variations of the potential energy along the MEP
(top curve in Figure S2) cannot be interpreted directly in terms of
barriers of rate-limiting steps. The reason for this is that the energy
fluctuations along the MEP are due to the ‘‘freezing’’ (upon minimiza-
tion) of a very large number of essentially uncoupled DOF. Most of
these DOF involve motions (e.g., the rotation of some surface side
chains) that do not influence the recovery stroke, as opposed to mo-
tions that are ‘‘essential’’ for the transition (such as particular motions
in the converter domain, in the relay and SH1 helices, in the relay and
Switch-2 loops, etc.). Most of the ‘‘nonessential’’ DOF can exist in
several substates that are energetically equivalent (i.e., within the
Boltzmann energy kT, T = temperature). Upon energy minimization,
each DOF is trapped in one of its substates, thereby adding as much
as kT to the potential energy. For a number n of such DOF, each ran-
domly adopting an energy level between zero and kT, it can be shown
that the fluctuation of the minimized potential energy is proportional to
kT
ﬃﬃﬃ
n
p
. This means that while the protein remains in the same ‘‘essen-
tial’’ substate, its minimized potential energy varies substantially. This
can be seen, for example, in the case of the crystallographic prerecov-
ery state, where the minimized potential energy of structures taken
along a short (230 ps) MD simulation at 300K varies by more than
100 kcal/mol after equilibration (Figure S3; l = 0%). The postrecovery
state displays similar fluctuations (Figure S3; l = 100%). When struc-
tures taken along the MEP are kept in their ‘‘essential’’ state along
the transition (by restraining the atomic positions of protein segments
that are involved in the recovery stroke mechanism, as described in
Figure S3) and subjected to short MD, their minimized potential energy
fluctuates in approximately the same energy range as the crystallo-
graphic end states (between 47,200 and 47,050 kcal/mol; gray
area in Figure S2). This shows that structures from theMEP can rapidly
(<300 ps) reach any potential energy level in that range. It suggests
that, within the gray energy ‘‘tube’’ of Figure S2, there exist pathways
along which the recovery stroke transition can occur without signifi-
cant changes in energy (i.e., within the fast thermal fluctuations). Ex-
pressed in terms of energy landscapes, this means that the essential
motions involved by the present mechanism of the recovery stroke
follow a deep (>thousands of kcal/mol) energy ‘‘canyon,’’ at the bottom
of which the energy fluctuations from the nonessential DOF form a
shallow (100 kcal/mol) fractal-like pattern. Within this canyon, a mul-
titude of subpaths between the shallow energy minima constitutes
a dense transition network.We have described how the globally lowest
pathway through such a network can be found for a moderately com-
plex transition between two protein conformations (the signaling
switch in rasP21) (Noe´ et al., 2006), but this remains a daunting task
in view of the complexity of the recovery stroke.
Remarks about Reaction Coordinates
Many attempts have been made to obtain a meaningful description of
conformational change in proteins. One approach is targeted MD825–837, July 2007 ª2007 Elsevier Ltd All rights reserved 835
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Recovery-Stroke Mechanism in Myosin II(TMD) (Schlitter et al., 1994). In this approach, the long simulation time
it would take for standard MD to observe a spontaneous transition is
reduced by the application of a constraining force that ‘‘pulls’’ the
structure toward the product conformation during the MD simulation.
The force is applied along a reaction coordinate defined by the
RMS-difference (taken over all atomic coordinates of the protein)
between the current and the product conformation. TMD works well
to describe the large-scale behavior of soft, delocalized motions
(e.g., the motion of large domains relative to each other). This is be-
cause such motions contribute a great deal to a reduction of the
RMS-difference (many atoms involved) while requiring only a small
pulling force (soft modes). Problems with TMD occur when a transition
combines soft domain motion with small, localized changes involving
the crossing of some energetic barrier, because a local change con-
tributes little to the reduction of the RMS-difference (few atoms in-
volved), and crossing a barrier requires a stronger pulling force. In
those cases, the reaction coordinate of TMD biases the order of
events: the soft domain motions react early to the pulling force while
local rearrangements can only be enforced late in the transition. Re-
cently, Yu et al. (2007b) have nicely demonstrated this artifactual effect
by applying TMD to the recovery stroke of myosin. As expected, the
large-scale motion (i.e., converter domain rotation) takes place before
the local changes (i.e., closing of the Switch-2 loop and the unwinding
of the relay helix at position 486).
In an accompanying paper, Yu et al. have illustrated on myosin
the difficulty of computing free energy changes along large conforma-
tional transitions in proteins (Yu et al., 2007a). Again, the problem is to
define an adequate reaction coordinate that will not bias the results. A
good reaction coordinate might appear a priori to be chosen as a linear
combination of the RMS-distance (taken over some choice of N
relevant atomic coordinates) from the reactant and from the product
conformation:D = (RMS [X XReactant]RMS [XXProduct]).D is useful
to measure the progress of an existing transition pathway, because
D varies between 1 and +1 (when normalized by RMS [XProduct 
XReactant]) as the pathway goes from the reactant to the product confor-
mation. However,D is not suitable as a reaction coordinate to compute
a free-energy profile along the transition by running MD simulations
while constraining D at incremental values. This is because a state
defined by D = constant describes, in conformational space, a (3N 
1)-dimensional hyperbolic surface (of which XReactant and XProduct are
the two focusing points). As the normalized D is constrained to values
that approach 1 or +1, the hyperbolic surface reduces to a one-
dimensional line, which, for entropic reasons, is never visited during
a simulation. The resulting free-energy profile obtained from the prob-
ability distribution of D goes to infinity at D = 1 and D = +1. In other
words, the known end states of the transition appear as absolutely
unstable. This artifactual behavior is seen, for example, when the
free-energy profile of Switch-2 closing was computed by umbrella
sampling along D: the free energy diverges for the two values of D
that correspond to the crystallographic end-state conformations of
Switch-2 (unnormalized D = ± 2.4 A˚ in Figure 2 in the article by Yu
et al., 2007a). Because the change in the entropic bias arising from
the hyperbolic constraint is not known for the values of D between
1 and +1, the remaining free-energy profile along D cannot be inter-
preted meaningfully either.
These examples illustrate how computing pathways and free ener-
gies for complex transitions in proteins is a highly challenging problem.
This is due to the difficulty of first characterizing the many ‘‘essential’’
DOF that are specific to a given transition, and then condensing those
DOF into a single scalar variable, or, in other words, the difficulty of
defining a suitable reaction coordinate. This can become a problem
even in molecules as small as the alanine dipeptide (Neria et al.,
1996) or transitions as simple as the trans-cis isomerization of proline
(Fischer et al., 1994).
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